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The Prader-Willi syndrome (PWS)/Angelman syndrome (AS) region, on human chromosome 15q11-q13, exemplifies
coordinate control of imprinted gene expression over a large chromosomal domain. Establishment of the paternal
state of the region requires the PWS imprinting center (PWS-IC); establishment of the maternal state requires the
AS-IC. Cytosine methylation of the PWS-IC, which occurs during oogenesis in mice, occurs only after fertilization in
humans, so this modification cannot be the gametic imprint for the PWS/AS region in humans. Here, we demonstrate
that the PWS-IC shows parent-specific complementary patterns of H3 lysine 9 (Lys9) and H3 lysine 4 (Lys4) methyla-
tion. H3 Lys9 is methylated on the maternal copy of the PWS-IC, and H3 Lys4 is methylated on the paternal copy.
We suggest that H3 Lys9 methylation is a candidate maternal gametic imprint for this region, and we show how
changes in chromatin packaging during the life cycle of mammals provide a means of erasing such an imprint in
the male germline.
The Prader-Willi syndrome (PWS [MIM 176270])/An-
gelman syndrome (AS [MIM105830]) region, on human
chromosome 15q11-q13, provides a dramatic example
of the role that genetic imprinting plays in the patho-
genesis of human disease (Nicholls et al. 1998). Dele-
tions of an ∼4-Mb region from the paternal chromosome
cause PWS, which is characterized by infantile hypo-
tonia, mild developmental delay, and later-onset hyper-
phagia and obesity; deletions of the same region from
the maternal chromosome 15 homolog cause AS, which
is characterized by severe mental retardation, lack of
speech, seizures, and easily provoked laughter. The PWS/
AS region contains at least seven imprinted genes; five
of these genes are expressed exclusively from the pater-
nal chromosome, and loss of the active paternal alleles
of these genes—through deletion, uniparental disomy,
or imprinting defects—causes PWS. Two genes in this
region show tissue-limited maternal-specific expression.
One of these genes,UBE3A (MIM 601623), is imprinted
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only in certain brain regions (Albrecht et al. 1997), and
loss of the maternal allele of UBE3A causes AS (Kishino
et al. 1997; Matsuura et al. 1997). The PWS/AS region
can exist in either of two mutually exclusive epigenetic
states, the paternal state and the maternal state. Estab-
lishment and maintenance of the paternal state requires
a DNA segment in cis, referred to as the “PWS imprint-
ing center” (PWS-IC). Establishment of the maternal
state requires a DNA segment ∼30 kb centromeric of
the PWS-IC, referred to as the “AS-IC” (Nicholls et al.
1998). The functions that the PWS-IC and AS-IC have
in establishing epigenetic states for this region are not
known. Although the 4.3-kb PWS-IC, defined as the
shortest region of IC-deletion overlap in human patients
with PWS, includes the SNRPN (MIM 182279) pro-
moter, a recent report indicates that targeted replacement
of a 0.9-kb fragment containing the mouse Snrpn pro-
moter by a 181-bp polylinker/LoxP fragment has no
discernible effect on IC function (Bressler et al. 2001).
Although the mechanisms by which the PWS-IC and
the AS-IC regulate gene expression over long distances
in the PWS/AS region are not known, significant pro-
gress has been made in defining epigenetic marks that
differ between the maternal and the paternal copies of
the region. These marks, including cytosine methylation
and histone acetylation, may play roles in establishing
or maintaining differential gene expression between the
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Table 1
Parent-Specific Epigenetic Modifications in the PWS/AS Region
Gene/Region Modification Hypermodified on Reference(s)
SNRPN promoter (human) CpG methylation Maternal chromosome (postfertilization) Glenn et al. (1996), El-Maarri et al. (2001)
H3, H4 acetylation Paternal chromosome Saitoh and Wada (2000), Fulmer-Smentek
and Francke (2001)
Snrpn promoter (mouse) CpG methylation Maternal chromosome (prefertilization) Shemer et al. (1997)
SNRPN intron 7 (human) CpG methylation Paternal chromosome Glenn et al. (1993)
Snrpn exons 7–10 (mouse) CpG methylation Paternal chromosome (prefertilization) Shemer et al. (1997)
NDN promoter (human) CpG methylation Maternal chromosome (postfertilization) Jay et al. (1997), El-Maarri et al. (2001)
ZNF127 promoter (human) CpG methylation Maternal chromosome Jong et al. (1999)
D15S63 (human) CpG methylation Maternal chromosome Dittrich et al. (1992)
NOTE.—In cases in which modifications have been assayed in gametes, timing of parent-specific modification is indicated either as “postfer-
tilization,” when differential modification is not present in gametes, or as “prefertilization,” when differential modification is present in gametes.
Figure 1 A, PCR analysis of chromatin prepared from lymphocytes from controls, from individuals with PWS, and from individuals with
AS, immunoprecipitated with methyl H3 Lys9 antibody. Primary lymphocytes from controls (Control), from individuals with PWS deletion
(Del), from individuals with PWS imprinting defect (Imp), and from individuals with AS deletion (Del) were stimulated with phytohemagglutinin
and IL-2; then, chromatin was prepared, was sonicated to average size ∼0.5 kb, and was immunoprecipitated, as described by Kuo and Allis
(1999), with rabbit antibody to a keyhole-limpet-hemocyanin–conjugated peptide containing amino acids 6–13 of H3 with dimethylmodification
of Lys9 (Nakayama et al. 2001). DNA from the immunoprecipitated material was amplified by PCR with the following primers: SNRPN 5′
region (SNA-F, 5′-GATGCTCAGGCGGGGATGTGTGCG-3′; and SNA-R, 5′-GCTCCCCAGGCTGTCTCTTGAGAG-3′) (Saitoh and Wada
2000) and CEN16 (16CEN-F, 5′-GTCTCTTTCTTGTTTTTAAGCTGGG-5′; and 16CEN-R, 5′-TGAGCTCATTGAGACATTTGG-3′) (sequence
from GenBank [accession number AC002307]). CEN16 was used as the control PCR for DNA immunoprecipitated with methyl H3 Lys9
antibody. Sample volumes were adjusted so that, for a given antibody, all samples yielded equal amounts of product with the control PCR
primers. CEN16 PCR cycling conditions were 94C for 3 min; 30 cycles at 94C for 1 min, 54C for 1 min, and 72C for 1 min; and 1 cycle
at 94C for 1 min, 54C for 1 min, and 72C for 5 min. PCR products were separated on agarose gels and were visualized by ethidium bromide
staining. Product sizes were 173 bp, for SNRPN 5′ region, and 198 bp, for CEN16. B, PCR analysis of chromatin prepared from lymphocytes
from controls, from individuals with PWS, and from individuals with AS, immunoprecipitated with methyl H3 Lys4 antibody. The same
chromatin preparations used in panel A were immunoprecipitated with rabbit antibody to a BSA-conjugated peptide containing amino acids
1–8 of H3 with dimethyl modification of Lys4. DNA from the immunoprecipitated material was amplified by PCR with primers used in panel
A, as well as primers for theNDN promoter and for the positive control sequence GAPDH:GAPDH (GAPDH-F, 5′-GCATCACCCGGAGGAGA-
AAATCGG-3′; and GAPDH-R, 5′-GTCACGTGTCGCAGAGGAGC-3′) (Saitoh andWada 2000) andNDN 5′ region (NCD-A, 5′-ATGGCGAGG-
CTTCACCTG-3′; and NCD-B, 5′-AACTGGCCCCTTCTCCAGTA-3′) (sequence from GenBank [accession number AF001013]). NDN PCR
was performed in the presence of 10% dimethyl sulfoxide; cycling conditions were 94C for 3 min; 30 cycles at 94C for 1 min, 59C for 1
min, and 72C for 1 min; and 1 cycle at 94C for 1 min, 59C for 1 min, and 72C for 5 min. Product sizes were 111 bp, for NDN 5′ region,
and 269 bp, for GAPDH.
maternal and the paternal alleles of imprinted genes in
the region. These differential modifications (summarized
in table 1) include hypermethylation of CpG dinucleo-
tides on the maternal (i.e., silent) alleles in the promoter
regions of SNRPN, of ZNF127 (MIM 603856), and of
NDN (MIM 602117), as well as hypermethylation of
CpGs on the paternal allele of SNRPN in intron 7. No
differential methylation of the 5′ region of UBE3A has
been found in either human lymphocyte DNA or mouse
brain DNA (T. Kishino and J. Wagstaff, unpublished
data). Hyperacetylation of the N-terminal tails of his-
tones H3 and H4 has recently been reported in the pro-
moter region of the SNRPN paternal (i.e., active) allele
(Saitoh and Wada 2000; Fulmer-Smentek and Francke
2001).
The causal relationships between these epigenetic
modifications and imprinted gene expression in 15q11-
q13 are not clear. Studies involving treatment of cultured
cells with inhibitors of DNA methylation or with inhib-
itors of histone deacetylases (HDACs) have yielded
mixed results. Saitoh and Wada (2000) treated human
lymphoblastoid cell lines lacking an active paternal
SNRPN allele with the DNAmethyltransferase (DNMT)
inhibitor 5-azadeoxycytidine (5-aza-dC) and found par-
Reports 1391
Figure 2 Extent of methyl modifications of H3 around SNRPN exon 1. DNA extracted from chromatin immunoprecipitated with methyl
Lys9 H3 and methyl Lys4 H3 antibodies was amplified using primer pairs as shown. Primer pairs that showed preferential amplification of the
maternal chromosome after immunoprecipitation with methyl H3 Lys9 antibody are shown as blackened squares; primer pairs that showed
preferential amplification of the paternal chromosome after immunoprecipitation are shown as checkered squares; and primer pairs that showed
no parent-specific preferential amplification are shown as unblackened squares. Primer sequences are as follows:UF1 (5′-CTAGAGGCCCCCTCTCA-
TTGCAAC-3′), UR1 (5′-CTTCGCACACATCCCCGCCTGAGC-3′), UF2 (5′-TAGGAAGACCTGAGGGTGAG-3′), UR2 (5′-CACAGCACTGTTG-
CAATGAG-3′), UF3 (5′-TTTTCACAATTTACCCCCTC-3′), UR3 (5′-GGTCTTCCTATGTGCGGTAC-3′), UF4 (5′-ATTATCTCCCCCAAAAT-
CAC-3′), UR4 (5′-TGTATCCAATTCTAATAGGC-3′), UF5 (5′-GTCTTTTCCCAAGCTACATC-3′), UR5 (5′-TGCCTATTAGAATTGGATAC-3′),
UF6 (5′-GATCATTGGGAACTGAGCAG-3′), UR6 (5′-GATGTAGCTTGGGAAAAGAC-3′), UF7 (5′-TCCATCAGCCATATTGCATG-3′), UR7 (5′-
TGCTCAGTTCCCAATGATCC-3′), DF1 (5′-CTCTCAAGAGACAGCCTGGGGAGC-3′), DR1 (5′-CCCCAATGCGAGCGGACAGGATAC-3′),
DF2 (5′-ATCCTGTCCGCTCGCATTGG-3′), DR2 (5′-ACACGGAACTGCAATCACCC-3′), DF3 (5′-TCAGGGTGATTGCAGTTCCG-3′), andDR3
(5′-TACCCTGCTCCACCACGCAG-3′).
tial reactivation of the inactive maternal SNRPN allele.
Similar partial reactivation by 5-aza-dC was reported by
Fulmer-Smentek and Francke (2001). El Kharroubi et al.
(2001), on the other hand, found no reactivation of ma-
ternal Snrpn in parthenogenetic mouse embryonic fibro-
blasts treated with 5-aza-dC, under conditions that led to
reactivation of other imprinted loci. All of these reports
indicated that treatment with the HDAC inhibitor tricho-
statin A produced no detectable SNRPN reactivation.
Shemer et al. (1997) examined Snrpn transcription inE9.5
mouse embryos homozygous or heterozygous forDnmt1
mutations; / embryos showed increased Snrpn tran-
scription compared to / or / embryos, although
derepression of the maternal allele was not directly dem-
onstrated.
Shemer et al. (1997) showed that methylation of the
maternal Snrpn-promoter/intron 1 region and of the pa-
ternal exons 7–10 region, occurs during gametogenesis
in mice, so the differential methylation patterns observed
in somatic tissues can be explained by the different pat-
terns of methylation of the region inherited from oocyte
and from sperm. Unexpectedly, El-Maarri et al. (2001)
found that the timing of cytosine methylation of the
maternal SNRPN-promoter region is quite different in
mice and in humans: human oocytes lack methylation
of the SNRPN-promoter region, although this region is
heavily methylated on the maternal chromosome in hu-
man somatic cells.
That cytosine methylation of the PWS-IC—previously
thought to be crucial in distinguishing the maternal copy
from the paternal copy of the PWS/AS region and in pro-
ducing differential gene expression on homologous chro-
mosomes—does not appear in humans until after fertil-
ization raises the question: What is the structural differ-
ence between the copy of this region inherited from hu-
man sperm and that inherited from the oocyte that leads
to differential function after fertilization? In principle, this
structural difference may be (a) a heritable covalent DNA
modification other than cytosine methylation; (b) a DNA-
associated protein that remains stably associated with ei-
ther the maternal or the paternal chromosome from the
gamete through somatic cell divisions; or (c) a covalent
modification of aDNA-associated protein that is inherited
in a parent-specific fashion. We have examined an evo-
lutionarily conserved histone modification—the methyla-
tion of H3 on Lys9—that has recently been associated
with the formation of stably silenced chromatin regions
in Drosophila and in fission yeast (Rea et al. 2000; Ban-
nister et al. 2001; Lachner et al. 2001; Nakayama et al.
2001). Histone modifications, especially acetylation, pre-
viously have been shown to mediate effects of a number
of transcriptional regulatory proteins—presumably, by
changing chromatin structure to increase accessibility to
other transcriptional factors (Strahl and Allis 2000). Un-
like acetylated histones, which are quite labile, methyl
groups attached to histones show a very low level of turn-
over, making histone methylation a good candidate mod-
ification in epigenetic processes such as imprinting (Byvoet
et al. 1972). We have also examined the methylation of
H3 on Lys4, which has been correlated with transcrip-
tional activity in Tetrahymena (Strahl et al. 1999).
Chromatin prepared from stimulated lymphocytes
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Figure 3 Hypothetical model for histone-modification–based
gametic imprint. Blackened circles represent histone, and striped tri-
angles represent protamine; “M” denotes maternal chromosome,
and “P” denotes paternal chromosome. Both in male somatic cells
and in female somatic cells, maternal chromosome histone is mod-
ified (represented by unblackened diamonds), whereas paternal chro-
mosome histone is unmodified. In female germ cell, histones on both
chromosomes become modified; in male germ cell, histones are re-
placed by protamines (Braun 2001). After fertilization, protamine
associated with paternal chromosome is replaced by unmodified his-
tone. Replacement of histones by protamines, during spermatogen-
esis, would provide a mechanism to reverse the chemically stable
histone-methylation mark.
from controls, from individuals with PWS (lacking a
paternal copy of 15q11-q13, because of deletion or im-
printing defect), and from individuals with AS (lacking
a maternal copy of 15q11-q13) was immunoprecipitated
with antibodies specific to either H3 methylated on Lys9
or H3 methylated on Lys4. The patient with a PWS
imprinting defect had no detectable deletion of the PWS-
IC (authors’ unpublished data). DNA recovered from
the immunoprecipitations was assayed by PCR for se-
quences in the PWS-IC, including the SNRPN promoter,
and for other sequences in the region, as well as for a
control single-copy sequence near the centromere of
chromosome 16 (positive control for methyl Lys9 H3
antibody; Horvath et al. 2000) and for GAPDH (pos-
itive control for methyl Lys4H3 antibody). Thematernal
copy of the SNRPN-promoter region, within the PWS-
IC (present in PWS chromatin), was immunoprecipitated
by anti–methyl Lys9 H3 antibody, whereas there was
dramatically reduced precipitation of this sequence on
the paternal copy (present in AS chromatin) (fig. 1). This
result correlates well with the observation that mainte-
nance of silenced heterochromatin in both Drosophila
and fission yeast requires the function of H3 Lys9 meth-
yltransferases (Rea et al. 2000; Nakayama et al. 2001).
The region of maternal-specific H3 Lys9 methylation
extends ∼0.6 kb 5′ and ∼0.5 kb 3′ around SNRPN exon
1 (fig. 2). Conversely, the paternal copy of the SNRPN
promoter was immunoprecipitated by anti–methyl Lys4
H3 antibody. This sequence was not precipitated on the
maternal copy (fig. 1). Previous reports that this modi-
fication is associated with active chromatin (Strahl et al.
1999) are consistent with these findings.
Parent-specific differential association of methyl Lys9
H3 was not detected with primers from the promoter
regions of other imprinted genes in 15q11-q13—includ-
ing ZNF127, NDN, MAGEL2 (MIM 605283), and IPW
(MIM 601491), which are paternally expressed, as well
as UBE3A and ATP10C (MIM 605855), which show
tissue-specific maternal expression (data not shown).
Also, methyl Lys9 H3 was not associated with the AS-
IC. However, methyl Lys4 H3was found to be specifically
associated with the promoter region of the paternal allele
of the paternally active geneNDN (fig. 1). Parent-specific
Lys4 methylation in lymphocyte chromatin was not de-
tected forZNF127,MAGEL2, IPW,UBE3A, orATP10C
(data not shown). Loci that showed no parent-specific
differential H3methylationwere hypomethylated onboth
chromosomes.
The preferential methylation of H3 Lys9 on the ma-
ternal allele of the human SNRPN-promoter region is
the first maternal modification, other than cytosine
methylation, to be reported in the PWS-IC. It is clear
that the human PWS-IC lacks cytosine methylation in
oocytes (El-Maarri et al. 2001); therefore, cytosinemeth-
ylation of the PWS-IC cannot be the gametic imprint for
the human PWS/AS region. Among the parent-specific
histone modifications of the PWS-IC, acetylation of H3
and of H4, as well as H3 Lys4 methylation, cannot be
the gametic imprint, because sperm lack histones (so a
histone modification cannot function as a paternal ga-
metic imprint). Methyl Lys9 H3, however, is a potential
imprinting mark that could be imposed on histones in
the PWS-IC during gametogenesis. A maternal histone-
modification imprint would have the unique quality of
having undergoing programmed erasure during sper-
matogenesis, when histones are removed from chro-
matin and replaced by protamines (fig. 3).
How could a histone-modification imprint inherited
from the oocyte be somatically propagated after fer-
tilization, throughout the life span of an organism?
Bannister et al. (2001) have suggested that silenced
chromatin marked with methyl Lys9 H3 could be in-
herited during chromosome replication, by association
of methyl Lys9 H3 and the heterochromatin protein
HP1 and by association of HP1 and the mammalian
H3 Lys9 methyltransferase SUVAR39H1. This multi-
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protein complex may allow H3 methyltransferase as-
sociated with an unreplicated chromosome region to
methylate histones associated with newly synthesized
DNA, at a nearby replication fork.
A primary requirement for a gametic imprint is that it
be present in the gamete—and absent from the gamete
arising from the other sex. Testing for histone modifica-
tions in oocytes will require development of techniques
of chromatin immunoprecipitation that aremore sensitive
than those that are currently available, to test for asso-
ciation of specific DNA sequences and modified histones
in small numbers of cells. If H3 Lys9 is methylated in the
oocytes, a rigorous test of the role that H3 Lys9 methyla-
tion plays in PWS/AS imprinting will require both iden-
tification of the histone methyltransferase responsible for
this methylation in the female germline and targeted in-
activation of thismethyltransferase in the femalegermline.
An alternative or additional gametic imprint based on
histone modification, rather than on DNA methylation,
may provide a resolution to several paradoxes—such as
(a) that a number of imprinted genes (including mouse
Mash2 [Tanaka et al. 1999] and human CDKN1C [MIM
600856] [Chung et al. 1996]) show no regions of parent-
specific DNA methylation, (b) that Mash2 imprinting is
not disturbed in Dnmt1 / embryos (Caspary et al.
1998), and (c) that some genes show evolutionary con-
servation of imprinting without showing conservation of
differential DNA methylation (Hatada and Mukai 1995;
Chung et al. 1996; Killian et al. 2000).
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